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Introduction
Reperfusion following prolonged ischemia may cause paradoxical damage at several levels. This phenomenon, defined as ischemia-reperfusion (I/R) injury, has been described in the heart as well in other organs, such as the liver [1] . Among the several involved mechanisms, oxygen toxicity and free radical production play an important role [2] . Warm hepatic I/R injury may occur not only during liver transplantation, but also following surgical resections requiring hepatic inflow occlusion for bleeding control. Via systemic yet poorly understood mechanisms, I/R injury in one organ can also lead to multiorgan dysfunction that is to tissue damage in remote organs away from the body district where the I/R damage is taking place. For example, I/R intestine damage has been described to cause multiple organ dysfunction due to uncontrolled production and release of cytokines and other proinflammatory molecules [3] . Recent data suggested that also hepatic I/R injury may cause damage to remote organs such as kidney [4] , heart [5] , and lung [6] . Indeed, damaged liver tissue releases destructive proinflammatory cytokines and oxygen-derived radicals into the circulation that are likely causing further damage to remote organs [7] . In an experimental model, Colletti et al. [8] , showed that 2 The Scientific World Journal hepatic I/R injury is associated with lung dysfunction such as neutrophil infiltration, edema, intraalveolar hemorrhage and endothelial activation.
Inflammatory cytokines such as TNF-alpha participate to extracellular matrix (ECM) degradation following liver injury, and hepatic TNF-alpha expression has been demonstrated to be parallel with induction of matrix metalloproteinases (MMPs) [9] , collagenolytic zinc-dependent enzymes that degrade several ECM constituents such as collagen, gelatin, elastin, and fibronectin [10] . A recent study [11] reports increased liver MMP-9 expression following I/R injury, and a correlation between serum MMP-9 and severity/progression of liver damage has been described in the setting of I/R injury [12] , acute allograft rejection [13] , and chronic viral hepatitis [14] . Also in the kidney, it has been recently shown that MMPs play a role in the development of endothelial damage during ischemia-reperfusion injury, with increased MMP-9 activity paralleling degradation of endothelial cells and the subsequent increase in vascular permeability [15] . Cardiovascular dysfunction frequently occurs after major surgery or liver transplantation. Several investigators have reported that liver ischemia is associated with the release of vasoactive substance that inflicts remote cardiac damage [16] .
The mechanisms leading to the initiation of multiorgan injury have not yet been elucidated. The aim of the present study was therefore to investigate whether acute liver ischemia and reperfusion do affect the function and the structure of remote organs such as kidney, heart, and lung via the modulation of ECM remodelling. As indicators of remote and local tissue damage and leukocyte infiltration we used malondialdehyde (MDA), an indicator of lipid peroxidation rate, and myeloperoxidase (MPO), a neutrophil marker.
Material and Methods

Animals.
The use of animals in this experimental study was approved by the National Institute for Research, and the animals were cared for according to its guidelines. Thirtytwo Male Sprague-Dawley rats (200-250 g) with free access to water and food were used.
Materials.
All reagents were of the highest grade of purity available and were purchased from Sigma Aldrich.
Ischemia-Reperfusion (I/R)
Procedure. The effects of I/R were studied in vivo in a partial normothermic hepatic I/R model that has been previously reported [17, 18] . Briefly, the abdomen was opened by a median incision while the rats were anesthetized with pentobarbital (50 mg/kg). Ischemia to the left and median lobe was induced by clamping the portal vein and hepatic artery with microvascular clips for 30 min, and the abdomen was temporary closed with a suture. After 30 min of ischemia, the abdomen was reopened, the clips were removed, the abdomen was closed again, and the liver was reperfused for 60 min. To prevent postsurgical dehydration and hypotension 1 mL of normal saline was injected in the inferior vena cava immediately after the removal of the clips. The duration of the injection was approximately 30 s. During I/R the animals ( = 17) were maintained on warm support to prevent heat loss: rectal temperature was maintained at 37 ± 0.1 ∘ C. Sham-operated control animals ( = 15) were similarly treated as compared with I/R group for all the aspects of the experimental model: rats were maintained under heat support during anaesthesia of equal length of time, injected with 1 cc saline and submitted to similar manipulation of the liver hilus without vascular occlusion. Blood samples were obtained after reperfusion and immediately centrifuged to isolate serum. At the end of the reperfusion period, tissue samples of the liver, ischemic lobes (left), of the kidney (cortex and medulla), of the heart (left ventricle), and of the lung were snap frozen in liquid nitrogen.
Biochemical Assays.
Liver and kidney injury was assessed by serum release of alanine transaminase (ALT), aspartate transaminase (AST), lactate dehydrogenase (LDH), creatinine, and urea by an automated Hitachi 747 analyser (Roche/Hitachi, Indianapolis, IN, USA).
Heart injury was assessed by serum evaluation of highly specific marker of myocardial cell damage such as Troponin I (cTN1) by an automated Hitachi 747 analyser (Roche/Hitachi, Indianapolis, IN, USA).
The amounts of released TNF-alpha in serum were quantified by commercial rat TNF-alpha ELISA kit from R&D Systems (Minneapolis, USA) according to the manufacture instructions.
The amounts of malondialdehyde (MDA) formation were quantified by HPLC method using the Chromsystems assay kit (Chromsystems GmbH, München). The assay was performed according to the manufacturer instructions with some modifications: briefly, the derivatized samples were incubated for 60 minutes at 95 ∘ C and finally used after centrifugation [18] .
Myeloperoxidase (MPO) activity was measured with a fluorimetric detection kit (Cayman Chemical) after an adequate tissue preparation. Briefly liver, lung, kidney, and heart tissues were homogenized (IKA-Ultraturrax T10) in a cooled 0.02 M potassium phosphate buffer (pH 7.4). After addition of another equal volume of cooled 0.02 M potassium phosphate buffer, the homogenate was centrifuged at 4 ∘ C for 15 min at 20.000 rpm in order to pellet insoluble cellular debris [19] . Pellets were resuspended in a cooled 0.05 M potassium phosphate buffer (pH 6) containing 0.5% hexa-1,6-bis-decyltrimethylammonium bromide (HTAB) and homogenized. Samples were sonicated for 30 sec and submitted to two cycles of freeze/thaw. Finally samples were centrifuged at 4 ∘ C for 15 min at 20.000 rpm and supernatants were immediately frozen at −80 ∘ C for later user. One unit of MPO activity was defined as the amount of enzyme that caused the formation of 1 nmol of fluorophore per minute at 25 ∘ C.
Tissue Sources for MMPs Analysis.
After sacrifice liver, kidney, heart, and lung were quickly excised and placed in cold (4 ∘ C) buffer (30 mM Histidine, 250 mM sucrose, and 2 mM EDTA, pH 7.2) to remove blood. Liver and lung were weighed and subsequently cut, frozen in liquid nitrogen and stored at −80 ∘ C, until use. Kidney was cleaned of external tissue; the renal cortex and medulla were separated and The Scientific World Journal 3 subsequently frozen in liquid nitrogen and stored at −80 ∘ C, until use. Heart was separated in atria, right and left ventricle. The left ventricle tissue samples were then frozen in liquid nitrogen and stored at −80 ∘ C, until use.
Hepatic Protein Isolation.
Hepatic MMPs were extracted by homogenisation (IKA-Ultraturrax T10) of frozen liver tissue, in an ice-cold extraction buffer (1 : 10 wt/vol) containing 1% Triton X-100, 500 mmol/L Tris-HCl, 200 mmol/L NaCl, and 10 mmol/L CaCl 2 , pH 7.6 [20] . The homogenate was then centrifuged (30 min at 12.000 rpm at 4 ∘ C) and the protein concentration of the supernatant was measured with the colorimetric Lowry method [21] . Samples were stored at −20 ∘ C before use.
Renal Protein Isolation.
Fifty milligrams of cortex and medulla were used to homogenize in a dissociation buffer containing 10 mmol/L cacodylic acid, 0.15 mmol/L NaCl, 1 mmol/L ZnCl 2 , 20 mmol/L CaCl 2 , 1.5 mmol/L NaN 3 , and 0.01% Triton X-100, pH 5.0 [22] . The homogenate was then shaken at 4 ∘ C for 24 h and the protein concentration of the supernatant was measured with the colorimetric Lowry method [21] . Samples were stored at −20 ∘ C before use. Samples were stored at −20 ∘ C before use.
Cardiac and Pulmonary Protein
MMPs Zymography.
In order to detect MMPs activity present in the samples, the homogenate protein content was normalized by a final concentration of 400 g/mL in sample loading buffer (0.25 M Tris-HCl, 4% sucrose w/v, 10% SDS w/v, and 0.1% bromphenol blue w/v, pH 6.8). After dilution the samples were loaded onto electrophoretic gels (SDS-PAGE) containing 1 mg/mL of gelatin under nonreducing conditions [24, 25] , followed by zymography as described previously [26] . The zymograms were analyzed by densitometer (GS 710 Densitometer BIORAD, Hercules, CA, USA) and data were expressed as optical density (OD), reported to 1 mg/mL protein content.
Tissue Morphology.
Liver and lung tissues were fixed in 2% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4 for 24 hours, processed routinely and embedded in Paraplast wax. Sections (8 m thick) were stained with hematoxylin and eosin (H&E). To appraise the severity of hepatic injury, H&E-stained sections were evaluated as follows: Grade 0, minimal or no evidence of injury; Grade 1, mild injury consisting of cytoplasmic vacuolation and focal nuclear pyknosis; Grade 2, moderate-to-severe injury with extensive nuclear pyknosis, cytoplasmic hypereosinophilia, and loss of intercellular borders; Grade 3, severe necrosis with disintegration of hepatic cords, hemorrhage, occasional granulomas, cytoplasmic pallor, and cellular swelling [27] .
To appraise the severity of lung injury, the number of granulocytes was evaluated in H&E-stained sections and calculated per microscopic field [28] : the prepared sections were coded and examined by an independent histologist in a single-blind scoring procedure.
Kidney tissue was frozen in liquid nitrogen and stored at −80 ∘ C. Sections (8 m thick) were stained with H&E. Microscopic criteria for tubular damage are tubular brush border loss, cytoplasmic swelling, and cellular debris.
Statistical Analysis.
Results are expressed as mean ± error standard as specified. Comparisons between groups were performed by unpaired -test. When data distribution was not normal, according to the Kolmogorov-Smirnov test, Mann-Whitney test was used. All statistical procedures were performed using the MedCalc statistical software package (12.2.1.0 version). Value of < 0.05 was considered significant.
Results
Liver I/R Injury.
As expected, serum levels of AST, ALT, and LDH increased significantly in animals submitted to ischemia (30 min) and reperfusion (60 min) as compared with sham-operated group (Table 1) .
Kidney Function.
Serum creatinine and urea did not significantly differ between sham and I/R groups (Table 1) .
Heart
Biomarkers. Serum Troponin I (cTN1), did not show any difference between groups (I/R versus shamoperated) ( Table 1) .
Biochemical Parameters (TNF-Alpha, MDA, and MPO).
The serum concentrations of TNF-alpha, an index of Kupffer cell activation, increased after ischemia/reperfusion as reported in Figure 1 . No difference in MDA formation, as products of lipid peroxidation, was observed in liver and lung ( Table 2 ). The same trend was found in kidney medulla and heart samples as compared with sham group (Heart: 0.113 ± 0.005 versus 0.122 ± 0.009, resp.; Kidney medulla 0.492 ± 0.098 versus 0.528 ± 0.129, resp.). The MDA levels were significantly higher in ischemic group compared with sham animals only in kidney cortex (0.205 ± 0.011 versus 0.142 ± 0.022 nmoli/mg/prot, < 0.05).
Tissue MPO activity, an indirect evidence of neutrophil infiltration, was measured in liver and lung; mean MPO activity was increased in liver and lung comparing the ischemic group with sham animals ( Table 2) . No changes in the MPO levels were found in kidney and heart tissue during hepatic I/R injury, as compared with sham group (data not shown).
Gelatinolytic
Activity. The activity of gelatinase-A (MMP-2) and gelatinase-B (MMP-9) was evaluated to investigate the extent of hepatic, renal, lung, and heart MMPs activity, potentially inducing interstitial degradation ( Figure  2 ). Both I/R and sham-operated groups showed detectable MMP-2 and MMP-9 activities with the exception of the heart where MMP-9 was not detectable.
In the liver, I/R was associated with a significant increase of gelatinase activity in the ischemic lobe (Figure 2) . Interestingly, acute hepatic I/R was associated with lung MMP-9 activation, while in kidney (cortex and the medulla) and in heart no significant difference was observed between groups (I/R versus sham). Only a no significant increase in MMP-9 was observed in kidney medulla (Figure 2 ).
Liver Histology.
A semiquantitative evaluation of liver lesions showed a statistically significant difference in the extent of liver damage when comparing sham-operated rats and animals subjected to I/R (Score 0-3: 0.6 ± 0.1 versus 2.4 ± 0.2, resp.). In the ischemic lobe of the animals submitted to I/R several lobules showed a detectable damage. In particular, hepatocyte necrosis and sinusoidal disarrangement ( Figures  3(b)-3(c) , Grade 3) when compared with sham-operated animals ( Figure 3(a) ). (Figure 4 (a) and inset), the cortex of animals submitted to hepatic I/R showed dilated interstitium. Rats submitted to I/R showed damage to tubules with loss of brush border and presence of cellular debris (Figure 4(b) and inset). No significant damage to glomeruli was detected. With respect to the outer medulla of sham animals (Figure 4(c) ), the outer medulla of rats submitted to hepatic I/R showed wider areas of interstitial fluid accumulation in the interstitium and disarrangement of thick limbs of Henle's loop (Figure 4(d) ). In the inner medulla of animals submitted to I/R, a few thin limbs of Henle's loop appear dilated and with increased cellularity in the stromal (Figure 4(f) ) with respect to sham animals ( Figure 4(e) ).
Kidney Histology. When compared with the cortex of sham-operated animals
Lung Histology.
A significantly higher number of granulocytes were found in the wall and lumen of alveoli of rats submitted to I/R as compared with sham rats ( Figure 5 ). In contrast with the lungs of sham-operated animals ( Figures  6(a), 6(b) , and 6(c)), in the lungs of animals submitted to hepatic I/R alveoli appear to be dilated (Figures 6(d) and 6(e)), rare erythrocytes in alveolar capillaries (Figure 6 The Scientific World Journal 
Discussion
This study shows that moderate acute hepatic ischemia/ reperfusion (I/R) injury increases MMPs activity not only in the ischemic liver region but also in the lung, associated with histological damage in liver, lung, and kidney. The concomitant increase in serum TNF-alpha suggests a potential role for this cytokine in the development of multiorgan dysfunction arising from isolated hepatic I/R injury. A moderate hepatic I/R injury is able to increase MMPs activity not only in the ischemic region, as previously reported [29, 30] , but also in the nonischemic lobe associated with several histological signs of interstitial and cellular damage [18] . This event is probably TNF-alpha-mediated, fully supporting the hypothesis that a direct connection exists between the events taking place in both the damaged lobe and the nonischemic liver.
The Involvement of Lung in the Hepatic I/R Injury.
The results of the present work suggest that a sizeable release of hepatic enzymes in the blood stream following acute liver I/R injury is associated with increased MMP activity, in particular MMP-9 also in distant organs, such as the lung. Multiorgan failure (MOF) is the simultaneous dysfunction of several organs, and it represents one of the most intriguing clinical problems arising in patients admitted to the Intensive Care Unit [31] . A central mechanism leading to MOF seems to be I/R injury [32] . Oxygen-derived free radicals, cytokines, and activated neutrophils have been found to be involved in the I/R liver damage [33] triggering the systemic inflammatory response that contributes to distant organ injury [34] . Although the involved mechanism is still unclear, the observed increase in MMP-9 activity appears to be connected with the high serum levels of TNF-alpha representing the connection between the hepatic I/R damage and "at-a-distance" lung alterations. MMPs are not expressed during normal conditions but their expression and activity increase during inflammation [35] . MMP-9 is one of the families of MMPs, which degrades ECM, and it is induced by many inflammatory factors, including IL-1beta, IL-8, and TNF-alpha. MMP-9 is stored in the tertiary granules of polymorphonuclear leukocytes which are key effectors in acute inflammatory diseases. In addition MMP-9 can actively assist MPO activation, an index of neutrophil infiltration [29] . Once an inflammatory response is initiated, neutrophils are the first cells to be recruited to the sites of injury or [7] infection [36] . After hepatic I/R injury liver MPO activity increased in the ischemic tissue and a few neutrophils were occasionally seen in edematous portal spaces, and/or forming small granulomas around necrotic cells in ischemic lobes. Interestingly, a similar increase of MPO levels was also observed in the lung tissue, associated with a high number of granulocytes as compared with the control group.
Previous data also show increased neutrophil infiltration in the liver and in other organs such as the lung after hepatic I/R, suggesting that neutrophils contribute to MOF induced by hepatic I/R [7] . In the present study, I/R injury was not associated with an oxidative damage in the liver and in the lung despite early signs of tissue damage. No significant difference was observed in MDA levels, a lipid peroxidation product, confirming our previous work in which liver MMP activation was shown to be an MDA-independent event [18] . A more prolonged reperfusion time is required to obtain a significant increase in MDA levels after hepatic I/R damage [37] .
Kidney Involvement in the Hepatic I/R Injury.
No increase in MMPs and MPO was observed in the kidney. Previously, Miranda et al. [38] demonstrated that 60 min hepatic ischemia associated with 2 or 6 hours reperfusion induced an increase in MPO and MDA in distant organ such as the lung and the kidney. In the present work we confirm the increase in pulmonary MPO and the absence of these alterations in other organs such as the kidney. A possible explanation is strictly connected with the short duration of both ischemia (30 min) and reperfusion (60 min) period in our experimental model, as well as with the much lower transaminase levels, 3-times lower than those observed by Miranda et al. [38] . No changes in MDA formation was found in distant organs such as the kidney, thus confirming the limited damage induced in our experimental setting, as supported by previous reports showing that the hepatic MDA levels after 60 min ischemia followed by 60 min reperfusion were comparable to those observed in sham animals [37] . We did only find increased MDA levels in the kidney cortex. Further studies will be performed to explain this finding. The histological analysis reveals some alterations such as focal patchy areas of dilatation and much higher fluid accumulation in rats submitted to I/R versus control group. 
Heart Involvement in the Hepatic I/R Injury.
No changes in heart MMPs, MDA, and MPO were observed, probably because cardiac dysfunction has been reported to follow only major liver surgical procedures when the liver is subjected to an important decrease in blood flow or after transplantation [39] . Meyer et al. [32] demonstrated that hepatic I/R induced the upregulation of ICAM, one of the adhesion molecules, mediated by TNF-alpha in distant organs such as the heart and the kidney. They evaluated the damage after 5-hour reperfusion and probably this is the reason why we did not find any cardiac alteration after 1-hour reperfusion; our hypothesis is supported by the strict correlation that exists between lipid peroxidation formation and ischemia time in the rat liver: only after 2 hours of reperfusion a marked MDA was shown [37] .
Hepatic I/R Injury and MOF.
Multiple organ dysfunction syndrome/failure is an important cause of death in the surgical intensive care unit. As a syndrome, MODS is defined as altered organ function in the setting of sepsis, septic shock, or systemic inflammatory response syndrome. Our data show that also after hepatic I/R, biochemical and histological changes do occur in distant organs and these events are traceable very early during reperfusion after a brief transient ischemia. A histopathology examination showed that hepatic, pulmonary, and renal tissue were more injured, albeit slightly, in the I/R rats than in sham animal. In particular increased MMP-9 activity was associated with early lung injury. Recently, some studies have shown that significant increases in active MMP-9 are associated with a multiple organ dysfunction in an infection model [40] . Our results suggest that after hepatic I/R an increased MMP-9 activation in distant organ can occur representing (a) a step forward the comprehension of the mechanisms involved in MOF and (b) an innovative target for limiting the MOF progression.
Interestingly, Rahman et al. recently demonstrated a novel role of MMPs in regulating infiltration of neutrophils by controlling platelets secretion of CD40L, a factor involved in the septic lung injury. Their results suggested that targeting MMPs may be a useful strategy for limiting lung injury [41] . Experiments are in progress in our laboratory for increasing both ischemia and reperfusion period.
Interestingly, the present work highlights that already after a relatively short I/R period an acute distant organ damage occurs and that the lung is the first organ involved, suggesting that the increase in lung MMP-9 activity may represent a key and early event involved in the pathogenesis of hepatopulmonary syndrome, whereas kidney injury may occur later and cardiac alterations may be observed only after a period of reperfusion longer than 1 hour [32] .
The likelihood that an ischemic and reperfused organ can directly induce a remote organ failure is of a significant clinical importance: these effects must be taken into account when treating patients after liver transplantation and these findings may have important practical applications in the clinical management of liver transplantation, as well as in the procedures involving no flow-reflow conditions. 
